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Abstract 

The A*-hypernuclei, which are bound states of A(1405) and nuclei, are discussed 
as a possible interpretation of the ^-nuclei. The Bonn and Nijmegen potentials are 
extended and used as a phenomenological potential between A* and N. The K- 
exchange potential is also considered in the A* and N interaction. The two-body 
(A*N) and three-body (A*NN) systems are solved by a variational method. It 
is shown that the spin and isospin of the ground states are assigned as A*N(S = 
1,1 = 1/2) and A*NN(S = 3/2,1 = 0), respectively. The binding energies of the 
A*-hypernuclei are discussed in comparison with experiment. 

1 Introduction 

Possibility of kaon-nuclear bound states is of great interest in hadron and nuclear physics. 
A deeply bound kaonic nuclear state with a relatively small decay width was recently 
predicted and further studied in literatures. [U El El H] Possible high density matter caused 
by the strong kaon attractive force is also a subject of heated discussion. [TJ El El H] In 
order to find such exotic states, several experimental searches have been carried out. [HI E] 
FINUDA collaboration has reported an observation of bound ppK~ state at the binding 
energy, 115 MeV.[6| Interpretation of the peak found in this experiment is yet under 
discussion, while some advanced calculations, such as a 3-body calculation a la Fadeev 
equation with KN — 7rS channel coupling, have been performed. [TJ E] Other approaches 
include an interpretation as a nine-quark state studied in the MIT bag model [5], and a 
kaon absorption process between two nucleons [10]. While the coming J- PARC facility 
will certainly answer to the question whether such deeply bound kaonic nuclear states 
exist, we need to study such a system in more extensive views. 

The purpose of this paper is to give a new interpretation to the "kaon-nucleus" states. 
We consider A*-hypernuclear states. A* is the lowest negative parity baryon with mass 
around 1405 MeV and strangeness —1. This baryon is in many senses unique. For 
instance, it is below any other non-strange baryons with negative parity and is isolated 



not forming an octet in SU (3). If it is assumed to be a p-wave baryon with spin 1/2, then 
it requires a large spin-orbit splitting. Its uniqueness has attracted a lot of attention and 
various exotic views of A* have been proposed. 

We here do not consider specific composition of A*, but simply assume that it belongs 
to a flavor singlet representation, and thus isolated. Our claim is that the so-called 
kaon-nuclear bound states can be interpreted as a bound state of A* in a nucleus, or 
A*-hypernucleus. Then the FINUDA observation is regarded as a two-body bound state 
of A* and N, whose binding energy is about 88 MeV. Larger systems, such as strange 
tribaryon can be a A*NN system and so on. 

In this paper, we construct a model of A*A" interaction according to the one-boson 
exchange model and consider the two-body (A* AT) and three-body (A*NN) systems. As 
the NN interaction, we choose the same one-boson exchange model, the Bonn potential 
[TTj and the Nijmegen soft-core potential models [T21[T3]- We extend these models to the 
A* A" systems and the A'-exchange is also included in the same context between A* and 
N. We then solve the two-body and three-body Schrodinger equations using a variational 
method. 

The content of the paper is as follows. In Section 2, we construct the potential model 
for A*A" system. The features of the model in the context of possible quantum num- 
bers of the A*-nuclear states are also given. In Section 3, the numerical results for the 
binding energies of two-body and three-body bound states are shown. In Section 4, some 
discussion on the present results are given. The conclusion is given in Section 5. 

2 Model 

The phenomenological nuclear force is quite successful in studying nuclear systems. In 
order to setup the model for the A*-hypernuclei, we discuss the phenomenological A* A" 
interaction. The nuclear forces among hyperons are not yet established, although a great 
amount of studies have been performed experimentally and theoretically so far. In general, 
it is considered that the interaction between baryons is described by exchange of mesons 
supplemented by phenomenological short-range repulsion. In the present study, based on 
the one-boson exchange picture, we extend the phenomenological nuclear forces between 
the AW pair to the A* A" pair interaction. In the Bonn [Tl] and Nijmegen potentials [T2|, 
[13], the scalar (a, a ), pseudoscalar (n, rf) and vector (uj, p) bosons are exchanged between 
the AW pair. The explicit equations and the parameter sets for the Bonn potential are 
shown in Appendix. By considering the SU(3) symmetry, we assume that these potentials 
are also applied to the A* A" pair. Here the isovector mesons (ao, tt, p) are irrelevant to 
the A* A" interaction, since the A* is isosinglet. Instead the K (and K) meson comes into 
the game in the exchange process A* A" — > NA*. Then, the A* A" potential is given by the 
sum 

V A * N = V a + Vr, + V u + V K - (1) 

The cr-exchange potential, V a , is the most attractive force, and the a;-exchange potential, 
V u , plays an essential role for the spin determination, as we see below. In the following, 
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we investigate several possibilities of the A*N potential. 

In the extended phenomenological nuclear forces in the A*iV pair, we have some 
unknown parameters; the coupling constants g\*NM (for M meson) and the momen- 
tum cutoffs, which appear in the form factors. Among them, the A*NK vertex con- 
stant, Qa*nRi is determined by the SU(3) relation from the observed decay width of the 
A* — > S7r channel. The A*£7r coupling g^„ S7r /47r = 0.064 is obtained from the decay 
width T(A* -> Stt) = 50.0 ± 2.0 MeV. Assuming that A* is a purely SU(3) singlet state, 
the SU(3) isoscalar factor, 

(A*) = (NK Stt At] EK) = -=(2 3 - 1 - 2) 1/2 , (2) 



predicts the coupling constant g\* NK /An = g A * S7r /47r = 0.064. It should be noted that 
this coupling constant is much smaller than the NNa coupling constant g 2 NNa /4tt = 7.78. 
Therefore, the K meson plays only a minor role in the A*A" bound state as seen in the 
numerical calculation later. 

Here, the i^-exchange has to be treated carefully. Because A* lies close to the KN 
threshold, the kaon may have four momentum, q^, near the on- mass-shell values. Then 
the kaon propagator can be enhanced strongly. In order to include this effect, we replace 
the kaon mass by an effective mass. Assuming that the baryons are static, we obtain the 
finite energy transfer, q ~ Ma* — M N , and the effective mass, 



rh K = sjml - ql ~ - (M A * - M N ) 2 = 171 MeV/c 2 . (3) 

This replacement indeed enhances the A*N potential more strongly than the case of AA" 
or potential. This is because that the A*NK coupling is a scalar coupling and the 
effect of rhx comes only in the range of the potential. In contrast, a p-wave coupling gives 
rise to an extra rh 2 K factor, which significantly suppresses its effect on the AA^ or Y,N 
potential. As a result, the ii'-exchange potential for A*Af pair is given by the coupling 
constant g\* NK /4ir = 0.064 and the effective mass vtlk in Eq. ( flOi) in Appendix. 

Yet the other parameters in the A*A^ interaction are not fixed due to lack of experi- 
mental information. In the present study, we treat the g\*A*a as a free parameter, since 
the results happen to be most sensitive to the a-exchange. We further assume that the 
other parameters are the same as the AW interaction for simplicity. 

Here it is important for the later discussions to prospect the properties of the A*A^ 
interaction. Let us see the spin-dependence of the A*A^ interaction. The spin-spin inter- 
action is induced by the rj, K and uj mesons. We consider the w-exchange force, since 
the uj meson coupling is much stronger than the 77 and K meson couplings. The static 
a;-exchange potential is written in the momentum space as 



V u {k 2 ) = -C 



[at ■ a 2 )k 
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with a positive constant C, and the u meson mass m w . In the real space, the first term 
is a delta function type, while the second term is the standard Yukawa potential. With 
a form factor introduced, the delta type potential becomes a finite range potential. For 
the Yukawa type potential, the spin singlet is more attractive than the spin triplet. On 
the other hand, for the delta type potential, the spin triplet is more attractive than 
the spin singlet. Usually the delta type potential at short distance plays a minor role 
due to strong repulsive core of the NN force, hence the Yukawa potential is much more 
important. However, this is not the case for the A*iV potential. There, at short distances, 
the delta function is overwhelming to the Yukawa type potential. Consequently, in the 
A*iV potential, the spin triplet potential is more attractive at short distance than the spin 
singlet one. 

Now we look at the possible quantum states of the A*-hypernuclei, which are obtained 
in the spin and isospin combinations. It is assumed that all the particles occupy the 
lowest-energy s-orbit. Since A* has spin S — 1/2 and isospin 1 = 0, the A*N system 
has two states of spin and isospin; (S — 0,1 — 1/2) and (S — 1,1 — 1/2). On the 
other hand, the A*NN system takes the isosinglet and isotriplet states. The isosinglet 
state has the spin S = 1/2 and S = 3/2 states, where the AW pair is isosinglet and 
spin triplet. The isotriplet state has spin S = 1/2, where the AW pair is isotriplet and 
spin singlet. Therefore the possible quantum numbers of the s-wave A*NN system are 
(S = 1/2, / = 0), (S = 3/2, 1 = 0) and (S = 1/2, 1 = 1). 

Here, we prospect the quantum numbers of the ground states of the A*-hypernuclei 
by using the spin dependence of the u;-exchange at short distance. It is expected that the 
ground state of the two body system (A*N) is spin triplet. In order to understand the 
ground state of the three body system (A*NN), the three possible states, (S — 1/2, 1 — 0), 
(S = 3/2, 1 = 0) and (S — 1/2,1 = 1), are expanded in terms of the A*A" pair; 

\A*(NN) S=1 ;S =1/2,1 = 0) = ±\(A*N) S=1 N) + ^-\(A* N) S=0 N) , (5) 
\A*(NN) s= u S = 3/2,1 = 0) = \(A*N) S=1 N), (6) 
for the isosinglet states, and 

\A*(NN) S=Q ;S = 1/2,1 = 1) = ^-\(A*N) S=1 N) - ^\(A*N) S=0 N), (7) 

for the isotriplet state. Among these states, the spin triplet interaction is contained most 
strongly in the (S = 3/2,1 = 0) state due to the largest value of coefficients of the 
(A*N)s=i component. Therefore, it is expected that the (S = 3/2,1 = 0) is the ground 
state for the A*NN state. In the next section, it will be shown that the above analysis is 
consistent with the numerical results. 

The above conclusion of the spin of the two-body and three-body states is in strong 
contrast with the kaon bound state approach. There, the spin dependence is induced 
by the isospin dependence of KN interaction. For instance, in the KNN system, the 
(KN)j =0 interaction is the driving force for the bound state. It is easy to see that the 
K(NN)i=i t s=o state contains more (KN)j =0 component than K(NN)i =0t s=i state. Thus, 
the ground state of KNN is expected to have 5 = 0. 
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Figure 1: The Bonn potentials applied for A*iV pair in the 5 = (dashed line) and S = 1 (solid 
line) channels for the coupling constants gi\*\*a I ' 9NNa=Q-39. 

3 Numerical Results 

In this section, we discuss the numerical results for the two-body (A*N) and three-body 
(A*NN) systems by solving the Schrodinger equation with the Bonn [TT] and Nijmegen 
(SC89 p2] and ESC04 p3]) potentials for the A*N and NN interactions. For simplicity, 
derivative terms are not considered. We mainly show the results for the Bonn potential. 
The results do not differ qualitatively for the Nijmegen potentials with SC89 and ESC04. 

3.1 Two-body system 

The two-body system (A*iV) has the spin singlet (5 = 0, 1 = 1/2) and triplet (5 = 
1,1 = 1/2) states. In Fig. (TJ the Bonn potentials are plotted as functions of the relative 
distance r between A* and N in the 5 = and S = 1 channels for the coupling constant 
9k*A*al Qnnv = 0.39. The S = 1 potential is strongly attractive at short distance (r < 0.4 
fm), while the 5 = one is repulsive. This difference is caused by the delta type interaction 
in the u potential (HI), which is attractive for S — 1 and repulsive for 5 — 0. It should be 
noted that the delta function is smeared to a finite range potential due to the form factor 
in the phenomenological nuclear forces. 

In order to see the contributions from individual mesons in the 5 = 1 A*A^ potential, 
the components from the a, u and //-exchange potentials and the additional i^-exchange 
potentials are plotted in Fig. [2j The cr-exchange potential is attractive at medium range 
(r > 0.4 fm), while the u potential is repulsive. However, the u potential is strongly 
attractive at shorter distances (r < 0.4 fm) due to the delta function in (j4l). Hence, 
the sum of them employs a deeply attractive potential at short distance, which is one of 
the characteristic properties in the A*A^ potential. The contributions from the r\ and K 
mesons are relatively weak. 

Here we investigate the on-shell effect of the i^-exchange. As we have already dis- 
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Figure 2: The components from the a, u, rj and K mesons in the Bonn potential between A*iV 
pair for S = 1 for gA*A*a/gNNa=0-39. The Bonn potential is indicated by the solid line. 

cussed, the K meson propagating between the A* and N may have large energy and 
thus can be close to the on-mass-shell kinematics. Such i^-exchange might be largely 
enhanced. We treat this effect as an effective mass txik defined in Eq. (J3J). In Fig. [3l 
the i^-exchange potential is plotted for the bare mass nix = 495 MeV (solid line) and 
for the reduced mass rhx = 171 MeV (dashed line). As the effective K meson mass gets 
smaller, both the potential strength and the range increase. However, this enhancement 
has little significance to the binding energy of the A*N, since the X-exchange potential 
is still weaker than the a and cu-exchange potentials. 

Solving the Schrodinger equation for the A*A^ with the Bonn potential, we obtain the 
binding energy and the wave function of the A*A^ bound states. As a set of trial wave 
functions, we use a linear combination of Gaussian functions; 

n 

<A(r)=]>>e-^ 2 , (8) 
i=i 

where a, are the normalization constants, oti the width parameters, and r the relative 
distance between A* and N. As a result, the binding energy strongly depends on the 
coupling constant g\*A*a/ gNNa as shown in Fig. 0J The a potential plays an essential role 
for the formation of the bound state. Indeed, without the A*A*cr coupling, the bound state 
does not exist. For 5=1, the A*A^ is bound for the coupling constant gA*\* a / Qnno- ^ 0.37. 
At 

9a*a*<jI 9nN(j — 0.39, the binding energy reaches 88 MeV. The observed binding 
energy 115 MeV of ppK~ state reported by the FINUDA collaboration [6] is interpreted 
as 88 MeV for the binding energy of the A*N state. For S = 0, a stronger coupling 
9a*a*o-/ 'qnncj ^ 0.98 is required for the bound state. The binding energy 88 MeV is 
obtained at gA*A*a/ 9nno- = 1-01. In the current experimental status, the quantum number 
of the bound state is not yet known. Our result suggests an S = 1 bound state rather 
than 5 = 0. The probability density of the A*Af with 5 = 1 is plotted in Fig. [5l The 
wave function is very compact as compared with the nucleon size, suggesting that the 
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Figure 3: The if-exchange component in the A*N potential. The solid line is for the bare mass 
vriK = 495 MeV and the dashed line is for the reduced mass itik = 171 MeV. See the text. 

obtained bound state is produced mainly by the short-range oj attraction assisted by the 
medium-range cx-exchange that cancels the medium range u repulsion. 

So far, we have discussed the results of the Bonn potential. In order to check the 
model dependence, we also apply different types of the nuclear force. In particular, as 
the short-range part of the interaction is important, the mechanisms of short-range NN 
repulsion is in question. The Bonn potential acquires the short-range repulsion mainly 
from the ^-exchange potential, while the other models, such as the Nijmegen potential, 
introduce a new component for the repulsion. 

The pomeron exchange is represented in the Nijmegen potential by a gaussian potential 
of short range. In the case of NN interaction, it is strong enough to expel the wave 
functions away from the center. When we apply the same repulsion to A*iV system, we 
find that the short-range attraction from cu-exchange may still make a bound state, if the 
er-exchange attraction at the medium range is strong enough. However, compared with 
the Bonn potential, the extra pomeronic repulsion for A*N makes the system less bound. 
That means that the required g\*A*a coupling constant becomes larger. 

We employ the Nijmegen potential of the versions SC89 and ESC04. It is found that 
SC89 requires the minimal coupling constants g\*A* a / 9nno- = 0.77 and g\*\* a / Qnnv = 
0.98 to form a A*N bound state for 5=1 and 5 = 0, respectively. The binding energy 
(88 MeV) reported by the FINUDA group is obtained by setting <?a*a*<t/ 9nn<j = 0.832 for 
5=1 and g\*A*<j/ 'gNNa = 1-128 for 5 = 0. The probability density is pushed out from 
the center as compared with the Bonn potential. This is because the range of the A*N 
potential is longer than that from the Bonn potential. 

The result of ESC04 is qualitatively the same as that of SC89. Only difference is 
that absolute values of the a, u and pomeron exchange potentials in ESC04 are smaller 
than those in SC89. Then, the minimum coupling constants of A*AV become larger, and 
the experimental binding energy is reproduced at g\*A*a/ 9nn<j = 1-118 for 5 = 1 and 
gk*k*a/gNNa = 1-398 for 5 = 0. 
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Figure 4: The binding energy of the A*N as functions of the coupling constant gk*k*a/ 9NNo 
for the Bonn potential. The solid line is for 5 = 1 and the dashed line for 5 = 0. 
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Figure 5: The probability density of the bound A*iV system with 5 = 1 and gk*h*<r/ 9nn<t = 
0.39. The binding energy is 88 MeV. The horizontal axis is the relative distance between A* 
and N. 
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Table 1: The ratios of the coupling constants gA*A*a/ Qnno- required to obtain the binding 
energy, 88 MeV, of the A*iV two-body system. 



A*N 


Bonn 


Nijmegen (SC89) 


Nijmegen (ESC04) 


B.E. [MeV] 


S = 1 


0.39 


0.832 


1.118 


88 


5 = 


1.1 


1.128 


1.398 


88 



The results above discussed are summarized in Table [TJ The ratios of coupling con- 
stants g\*A*a/ 9NNa that correspond to the experimental observation in the FINUDA 
collaboration are listed. The smaller value indicates that the system can form a bound 
state more easily. We find that in all cases that the coupling constant in S = 1 bound 
state is smaller than that in S = one in the Bonn and Nijmegen potentials. Therefore, 
we expect that the lowest-energy bound state is the S = 1 state. 

3.2 Three-body system 

Now we discuss the three-body system (A*NN). The binding energies and wave functions 
are obtained variationally by solving the Schrodinger equation by using the phenomeno- 
logical AW and A*A" potentials. The trial wave function is given by 

^(r,r') = E^' e " Qir2e " ftr ' 2 (9) 

with dij are the normalization constants, aij and fa the width parameters, and r and 
r' the Jacobi coordinates for A*NN. Then we obtain the binding energies as func- 
tions of the coupling constant (?a*a*o- / 'qnno for the (S = 3/2,1 = 0), (S = 1/2,1 = 1) 
and (S — 1/2,1 — 0) states indicated by solid, long-dashed, short-dashed lines, respec- 
tively, in Fig. El We find that a bound (S = 3/2,1 = 0) state can be formed only for 
gA*A*a/ gNNa ^ 0.406, while the (S = 1/2,1 = 1) and (S = 1/2,1 = 0) bound states re- 
quire stronger coupling constant. Therefore our analysis shows the (S = 3/2, 1 = 0) state 
as the ground state of the A*NN system. Note that for A*N pair in the S — 1 channel is 
more attractive than the S = channel. From the A*NN states written as combinations 
of (A*A0 5=1 AT and (A*A0 5=o Ar as Eq. ® and ©, one sees that the (S = 3/2,1 = 0) 
state contains more the (A*A^)5 = i component. 

Through the discussions given above, it is clear that the short- distance behavior of the 
nuclear potential plays an important role. We recall that at short distance the smeared 
delta interaction in the w-exchange in A*N interaction overwhelms the Yukawa type 
potential, and it induces a strong attractive potential for S — 1. This is contrary to the 
long range behavior of the tu-exchange potential; repulsive for S = 1 and attractive for 
5 = 0. The strong attractive potential at short distance is also seen in the three-body 
system. It is directly observed from the probability densities of A*A^ and A*NN, which 
concentrate at short distances. 
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Figure 6: The binding energy of the A*NN as functions of the coupling constant <7a*a*o- / 'dNNa 
for the Bonn potential. The solid, long-dashed and short-dashed lines indicate the (S = 3/2, 1 = 
0), (S =1/2,1 = 1) and (S = 1/2, 1 = 0) states, respectively. 



Table 2: The ratios of the coupling constants (Ja*a*o-/ 9nnu required to obtain the binding 
energy, 167 MeV, of the A*NN three-body system. 



A*NN 


Bonn 


Nijmegen (SC89) 


Nijmegen (ESC04) 


B.E. [MeV] 


(S 


= 3/2,/ = 


0) 


0.424 


0.898 


1.217 


167 


(S 


= 1/2,/ = 


1) 


0.64 


0.987 


1.325 


167 
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4 Discussion 



We here compare our results with some other studies for the same system. In the original 
Akaishi-Yamazaki picture [U EJ [3] , the binding energy of ppnK~ is shown to be larger 
than ppK~ . Furthermore, it is indicated that ^-nuclei can be stable for larger baryon 
numbers. However, this is not the case for the A*-hypernuclei. Let us compare the 
minimum coupling constants for the two-body (A*N) and three-body (A*NN) bound 
systems. For example, for the Bonn potential, the coupling <?a*a*<t/ '9nn<j = 0.37 gives a 
bound state of A*N with (S — 1, 1 — 1/2), while gA*A*a/ gNNa = 0.406 is required for 
A*NN with (S = 3/2, / = 0). Therefore, the present framework leads to the conclusion 
that the A*N two-body state is bound more easily than the A*NN three-body state. This 
is qualitatively the same for the Nijmegen potentials with SC89 and ESC04. Furthermore, 
it may be expected that the the A*-hypernuclei becomes unbound as the baryon number 
increases. This picture is in opposite direction as compared with the ^-nucleus bound 
states.pElE] 

A recent proposal [T3] of interpreting the binding of K in terms of "migration" of K 
is in fact quite similar to the i^-exchange part of our picture. The difference between 
their analysis and ours is mainly in the coupling strengths. We determine the coupling 
constant so as to reproduce the relatively narrow width of A*, while Ref. [15] employs the 
coupling to reproduce the binding energy of A* as a KN bound state. A further analysis 
on this difference will be needed. 

A comment is in order for the dependence of the result on the coupling constant in 
the phenomenological nuclear potentials for A*N. The coupling constant (?a*a*ct is taken 
as a free parameter, and the couplings for the other mesons are fixed to the same value 
as the NN interaction. The a potential is the most attractive force among them, and 
the uj potential is the second strongest force. Therefore, as a further step, it is interesting 
to alter the coupling strength of A*A*u;. However, concerning the spin of the bound 
state, the result will not be changed as long as the cu-exchange potential is attractive at 
short-range. This is because that the spin of the A*N pair is almost determined by the 
cu-exchange potential, not by the other mesons. 

Lastly, we note that in the present framework only the meson exchange potential has 
been considered as interaction between A* and N. However, the resulting bound states 
are compact where the substructure of the baryons should be important. In the present 
analysis, we have introduced the form factors representing the baryon structure. It may 
be important to consider the quark structure of baryons explicitly so that the short range 
baryon-baryon interactions are correctly taken into account. [14] This subject is left for a 
future work. 

5 Conclusion 

The possibility of the A*-hypernuclei is discussed by considering the A* as a compound 
state in the kaonic-nuclei. The two-body (A*N) and three-body (A*NN) systems are 
investigated by using phenomenological nuclear forces. Based on the one-boson exchange 
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picture, the Bonn and Nijmegen (SC89 and ESC04) potentials are extended to the A*iV 
interaction. The i^-exchange is also included in the extended nuclear forces. The 9^*nk 
coupling is determined from the experimental value of the decay width of the A*. Only 
A*A*<x coupling constant is left as a free parameter with the other parameters fixed. 

As a result, for the two-body system (A*N), an appropriate A*A*cr coupling constant 
reproduces the binding energy of the ppK~ which is comparable to the value reported 
by the FINUDA collaboration. The most stable state in the A* A" bound state is the 
5 = 1 state. For the three-body system (A* AW), the (S = 3/2,1 = 0) state is the most 
stable state. These results are understood by the fact that the cj-exchange potential is 
strongly attractive at short distances for S = 1 channel rather than in S = 0. There the 
AT-exchange plays only a minor role. Compared with the A* A" and A*NN, the minimum 
coupling constant (7a*a*<t in the former is smaller than that of the latter. Therefore, the 
A* A" state is more easily produced in comparison with the A*NN state. Our conclusion 
is qualitatively the same for the Bonn and Nijmegen (SC89 and ESC04) potentials. 

In the present study, A* is considered as a stable particle. In reality, however, multi- 
channel decays are open for A*. The decay to S7r is the main source of A* free decay, 
while the in-medium decays A*A" — > AN, Y,N are new and interesting. In our discussion, 
the bound A* A" and A*NN states are very compact objects. Therefore, the conversion 
width to AA" or Y,N may be modified. These subjects are closely related to experimental 
researches in DA$NE and J-PARC. Further studied are left for future works. 
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The Bonn potential used in the present paper is explicitly shown in a coordinate formalism 
[TT] . In the followings, m is the mass of the meson, and are coupling constants in 
the reaction process, 1 + 2^3 + 4 with the baryon mass M\ and M 2 . The parameter set 
is summarized in Table [3j The pseudoscalar type potential is given by 

,2 



V ps (m,r) 



m 



-m 



4tt AMiM 2 
The scalar type potential is given by 

913924 



-cfi ■ (f 2 (j)(mr) + Si 2 x(mr) 



V s (m,r) 



An 



1 - 



m 



8MxM 2 



The vector type potential is given by 

^2 



V v (m, r) 



m 

47T 



913924 1 + 



m 



8M 1 M 2 



+ 9i3 f: 



m 



21 



4MM, 



<j)(mr) 



+ /l3024 



m 



AMM 2 



(10) 



m 



21 



16M 2 M 1 M 2 



>(p(mr) 
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Table 3: The parameter set of the Bonn potential. (The superscript a and b denote the 
NN pairs with isospin T = 1 and T = 0, respectively. ) 



Meson 


Mass (MeV) 


O / A 

g 2 /A7r 


nO I a 


A (GcV) 


7T 


138.03 




14.9 


1.3 


V 


548.8 


3 




1.5 


p 


769 


0.95 


5.8 


1.3 




782.6 


20 




1.5 


a 


983 


2.6713 




2.0 


a 


550 a 


7.7823 a 




2.0 




715 6 


16.2061 6 




2.0 



m 2 f M 2 M, M1M2 / m 2 

' I \] jffl3<724 + gi3J24-jyr + Jlz92A^ + J13J24 I 1 : 



4MiM 2 r * M 17 3 M M 2 V 8M!M 2 

2 

-(<fi • <J 2 )0(mr) - Si2x("w) 



In the above equations, we define 



0(1) = — , (13) 

**> - (E)'( 1+ § + (14) 

w-ow-o.^.^ (15) 



'12 



with the propagating meson mass to. When the exchanged meson has isospin, t\ • r 2 is 
multiplied. The form factor is introduced for each meson by replacing as 

V tt (m,r) - V a (m,r) - ^\ ~^ 2 K(Ai, r) + ^ '^ y a (A 2 ,r), (16) 

where 

Ai = A + e, A 2 = A - e, (17) 
with e/A < 1, such as e w 10 MeV. 
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